It is possible to define a V(Z) function for the surface acoustic wave (SAW) focusing system for a class of reflectors similar to that defined in acoustic microscopy. In this case V(Z) is a function which relates the transducer output voltage to the distance between the focal point and the reflection line. It is possible to express V(Z) in an analytical expression using angular spectrum techniques. V(Z) is measured for straight edge reflectors forming various angles with the surface. V(2) of straight step reflectors are investigated. These curves show a dependence on the type of reflector. The experiments are performed at 1.5 MHz in conjunction with a computerized data acquisition system. The phase information is also recorded in all these measurements in addition to the amplitude. It is possible to get an inversion of V(Z) to get the SAW reflection coefficient at a straight discontinuity.
I. Introduction
Acoustic microscopy is becoming a powerful technique in characterization and imaging in material science, biology and thin film technology [l]. It produces acoustic images of plane surfaces of materials by a spherically converging bulk wave obtained by an acoustic lens in the form of a spherical cavity. Images are sensitive to acoustic parameters of the surface material as well as to the thicknesses of the layers close to the surface. Quantitative results about the material parameters can be extracted from the information conveyed by the acoustic microscope through the measurement of what is known as V(Z) curves [ 2 ] , [ 3 1 . These curves are the plots of transducer output voltage, V , as a function of lens to object distance, Z. They exhibit a very atrong dependence on acoustic parameters and layer thicknesses of the object material. The principal mechanism for material dependence of V(Z) is the interference of nonspecular leaky surface acoustic waves ( S A W ) with specularly reflected bulk waves 1 4 1 * Diffraction limited SAW focusing has been successfully achieved using 'surface acoustic wave focusing axicons' (SAWFAX) [5].
0090-5607/86/0000-0727 $1.00 0 1986 IEEE In this method almost all the power available from the transducer is converted into the SAW for high impedance materials. A detailed analysis of SAWFAX may be found elsewhere 1 6 1 .
SAWFAX has the potential of providing a new mode o f imaging f o r acoustic microscopes with increased subsurface sensitivity. In this paper we present the
techniques applied to this method. Theoretical V ( 2 ) formulas and the results of the experimental V ( Z ) measurements are given. It is also shown that the SAW reflection coefficient of various straight discontinuities can be extracted from V ( Z ) data only with limited success.
Theory

V t Z )
for a bulk wave focusing acoustic microscope lens has been extensively discussed in the literature. In the SAWFAX, the focused acoustic energy is in the form of SAW as opposed to a bulk wave, and the reflecting planar surface is replaced by a straight discontinuity. In this case, V ( Z ) shows the variation of the output voltage as a function of the distance between the reflecting straight discontinuity and the SAW focus. In the following derivation we use an angular spectrum approach very similar to that used in derivation of V ( Z ) formula for the regular acoustic microscope lens [ 7 ] .
In order to find the surface wave field at the focus of the SAWFAX, we consider the geometry drawn in Fig.1 . The bulk wave incident at r-s plane is represented by ut(r,s). The surface wave field along .y axis and propagating in + z direction, uft(x), can be written where k~ is real part of the wavenumber of surface waves and P ( r , s ) is the pupil function. Eq.1 expresses the field at the focus as the Fourier transform of the integrated incident field, because the cylindrical parabolic mirror acts like a Fourier transform operator in one dimension
[ e ] , and bulk to surface wave conversion
phenomenon a s a n i n t e g r a t o r i n t h e d i m e n s i o n [ 9 1 . P ( r , s ) may be g i v e n by o t h e r { e x p [ -( a o t a~) ( f -s t a n OR)] -x m < r < x r
t h e r w i s e ( 2 ) The p u p i l f u n c t i o n h e r e i s f o u n d a s s u m i n g a m i r r o r w i t h r e c t a n g u l a r c r o s s s e c t i o n , w i d t h o f 2x. a n d a h e i g h t o f f c o t O R .
The f i r s t e x p o n e n t i a l i s d u e t o t h e l e a k y n a t u r e o f SAW, a n d t h e s e c o n d e x p o n e n t i a l is a l i n e a r p h a s e term a r i s i n g from t h e i n c l i n a t i o n o f i n c i d e n t w a v e f r o n t w i t h r e s p e c t t o r-s p l a n e .
C o n v e r s e l y , i f t h e s u r f a c e wave f i e l d a l o n g t h e x a x i s p r o p a g a t i n g i n -z d i r e c t i o n , u f -( x ) , i s known, o n e c a n c a l c u l a t e t h e f i e l d d i s t r i b u t i o n U -( r , s ) a t r-s p l a n e a s
I o P ( r , s )
To t a k e c a r e o f t h e r e f l e c t i o n p r o c e s s which may be a n g l e d e p e n d e n t , t h e f i e l d s must b e t r a n s f o r m e d i n t o t h e a n g u l a r s p e c t r u m domain.
T h e a n g u l a r s p e c t r u m of u f ( x ) i s r e p r e s e n t e d by U r ( k x ) :
I n a n g u l a r s p e c t r u m domain t h e p r o p a g a t i o n i s e a s i l y t a k e n i n t o a c c o u n t by m u l t i p l i c at i o n o f t h e e x p [ j k z z l f a c t o r where k Z = ( k R 2 t k x 2 ) 1 / * i s t h e component o f k v e c t o r i n z d i r e c t i o n .
Due t o t h e l e a k y n a t u r e o f s u r f a c e waves a n a d d i t i o n a l expon e n t i a l d e c a y f a c t o r must b e i n c l u d e d i n p r o p a g a t i o n e q u a t i o n .
I f a d i s c o n t i n u i t y w i t h a n g l e d e p e n d e n t r e f l e c t i o n c o e f f i c i e n t R ( s i n O R ) i s p r e s e n t a t p l a n e z = Z , o n e c a n w r i t e t h e r e f l e c t e d s p e c t r u m , U t -( k r ) a t p l a n e z=O a s U r -( k x ) = U f t ( k r ) e x p [ j 2 k z Z l e x p [ -2 ( a n t a L ) k z Z / k n 1 R ( k x / k R )
where U r -= F { u f -)
Using Eq.7 a n d E q . 3 t o g e t h e r , one c a n w r i t e t h e f i e l d a t r-s p l a n e , u -( r , s ) :
W e c a n combine E q s . 5 , 6 a n d = kR t j ( a n t Q L ) . The o u t p u t v o l t a g e , V , o f t h e t r a n s d u c e r c a n be d e t e r - 
mined a s a f u n c t i o n o f t h e r e f l e c t o r p o s it i o n , 2 , by i n t e g r a t i n g t h e u + ( r , s ) U -( r , s ) p r o d u c t o v e r t h e r -s p l a n e t o o b t a i n
. E x p e r i m e n t a l R e s u l t s Measurements a r e made t o o b s e r v e V ( Z ) as g i v e n by E q . . w i t h a s e t -u p i n p u l s e -e c h o a r r a n g e m e n t . The r e s u l t s f o r a s t r a i g h t e d g e i n aluminum a r e p l o t t e d i n F i g . 2
f o r v a r i o u s e d g e a n g l e s . V ( 2 ) c u r v e s f o r 900 e d g e s i n aluminum, c o p p e r a n d s t e e l a r e shown i n F i g . 3 .
F
i g . 4 d e p i c t s t h e V ( Z ) c u r v e s f o r h a l f a n d f u l l SAW w a v e l e n g t h s t e p d i s c o n t i n u i t i e s i n aluminum. A l l t h e c u r v e s a r e d i f f e r e n t from e a c h o t h e r showi n g e i t h e r m a t e r i a l o r t o p o l o g y d e p e n d e n c e o f r e f l e c t i o n c o e f f i c i e n t .
W e h a v e a l s o c a l c u l a t e d V ( 2 ) u s i n g E q . 1 1 n u m e r i c a l l y w i t h u + ( r , s ) = l . An a n g l e i n d ep e n d e n t r e f l e c t i o n c o e f f i c i e n t i s assumed [ 1 0 1 , [ 1 1 1 w i t h i n t h e a n g l e o f c o v e r a g e . The r e s u l t s o f t h i s c a l c u l a t i o n a r e g i v e n i n F i g . 5 .
N o t i c e t h a t t h e a g r e e m e n t b e t w e e n t h e c a l c u l a t e d c u r v e s a n d t h e measurement r e s u l t s a r e n o t p a r t i c u l a r l y good.
W e s u s p e c t t h a t t h i s i s d u e t o u n i f o r m i l l u m in a t i o n a s s u m p t i o n a n d i d e a l i z a t i o n s on t h e p u p i l f u n c t i o n .
N e v e r t h e l e s s , t h e g e n e r a l v a r i a t i o n o f c u r v e s a g r e e w i t h t h e e x p e r i - m e n t a l r e s u l t s . I f i t i s p o s s i b l e t o r e v e r s e t h e r e l a t i o n , o n e c a n o b t a i n t h e r e f l e c t i o n c o e f f i c i e n t as a f u n c t i o n o f a n g l e from t h e m e a s u r e d V ( Z ) d a t a , p r o v i d e d t h a t t h e p h a s e of V ( Z ) c a n a l s o b e m e a s u r e d .
H i l d e b r a n d e t . a l . t o c o n v e r t t h e V ( Z ) r e l a t i o n i n E q . 1 1 w i t h a n a p p r o x i m a t i o n t o a F o u r i e r t r a n s f o r m r e l a t i o n : The r e s u l t c a n be F o u r i e r t r a n s f o r m e d t o o b t a i n t h e p h a s e s e n s i t i v e V ( 2 ) d a t a a t a p a r t ic u l a r f r e q u e n c y .
c a l c u l a t e d t h e r e f l e c t i o n c o e f f i c i e n t a t a l i q u i d -s o l i d i n t e r f a c e from t h e m e a -
Having o b t a i n e d t h e r e a l a n d i m a g i n a r y p a r t s o f V ( Z ) , t h e r e f l e ct i o n c o e f f i c i e n t i s e v a l u a t e d by u s i n g a n FFT i n t h e i n v e r s i o n i n t e g r a l . N o t i c e t h a t , t h e e q u a l l y s p a c e d FFT o u t p u t would y i e l d u n e q u a l l y s p a c e d r e f l e c t i o n c o e f f i c i e n t v a l u e s b e c a u s e o f t h e n o n l i n e a r t r a n s f o r m a -tion. The results of the calculation for an aluminum edge is plotted in Fig.6 . A nonuniform reflection coefficient is obtained although no variation is expected within the angle of coverage 1111. 
Arbitrary Linear Scale
IV. Di scussion
The V(2) curves for SAWFAX have certain amount of material and topology dependence. However, this dependence is not as dramatic as in the case of bulk wave focusing lenses. The probable reason for this is relatively smooth nature of reflection coefficient. The function R(.) is quite independent of incidence angle within the angle of coverage 1111. V ( 2 ) curves are dependent mainly on the amplitude of the reflection coefficient. Consequently, the acoustic images obtained with such a focusing arrangement are easy to interpret and free from phase dependent artifacts. The reflected SAW amplitude variation with respect to edge angle and depth of cracks at normal incidence is reported in the literature [12, 13] . Combining this information along with the SAWFAX images, it may be possible to obtain quantitative evaluation.
The inversion relation between the V(Z) and the reflection coefficient is an ill-conditioned problem, due to its two-dimensional nature. It is very difficult to obtain reflection coefficient from measured V(Z) data in the presence of any type of errors such as quantization error or measurement noise.
